We report the existence of postmating but prezygotic reproductive isolation within flour beetles of the genus Tribolium. Specifically, when a female of either T castaneum or T freemani is paired simultaneously with both a conspecific and a heterospecific male, virtually all of the offspring are sired by the conspecific male. In contrast, when a female of either species is paired only with a heterospecific male, she produces near normal numbers of offspring. Mate choice experiments rule out the possibility that premating reproductive isolation accounts for this phenomenon. A number of different mechanisms could explain this phenomenon of postmating but prezygotic reproductive isolation.
Introduction
The process of speciation, the acquisition of genetic reproductive isolation between populations, is generally attributed to the gradual accumulation of genes as a by-product of other adaptive or neutral changes occurring in allopatry (Dobzhansky, 1937; Muller, 1942; Mayr, 1963; Charlesworth et a!., 1987; Coyne, 1992; Wu & Davis, 1993) . Dobzhansky (1940) presented the 'reinforcement' model, in which natural selection plays a direct role in establishing premating reproductive isolation between populations which have established partial but not complete postmating reproductive isolation (presumably by the pleiotropic effects of other adaptive or neutral changes). The importance of the role of reinforcement in natural populations is controversial (Paterson, 1978; Littlejohn, 1981; Butlin, 1987 Butlin, , 1989 Coyne&Orr, 1989; Howard, 1993) .
Triboliurn castaneum is a human-commensal flour beetle found worldwide in grain and other stored products. The general biology of this species is summarized by Sokoloff (1974) . T freemani is a closely related species to T castaneum based on morphological, genetic, karyotypic and molecular data (Hinton, 1948; Sokoloff, 1974; Brownlee & Sokoloff, 1988; Juan et a!., 1993) . These species are capable of producing large numbers of viable but sterile F1 progeny on *Correspondence hybridization (Brownlee & Sokoloff, 1988; Wade & Johnson, 1993) .
Within T. castaneum, mating occurs without elaborate courtship and the average copulation duration is 45 s (Park, 1933; Shrode, 1960; Sokoloff, 1974 ) but has not been described in T freemani. Both sexes of T castaneum will mate several times an hour (Park, 1933) and males will 'attempt copulation with other males, dead beetles of both sexes, or with any object, such as a lump of flour or frass, which looks like a beetle' (Sokoloff, 1974, p. 201) . Thus, little premating reproductive isolation may be expected between these species.
Materials and methods
We used two different T castaneum laboratory strains in these experiments: c-SM and c-pl. The c-SM (castaneum Standard Mixture) was established by M. Wade in 1973 by mass mating 12 males and 12 females from each of the four classic 'Park' T. castaneum stocks (see Park et al., 1964; Wade, 1976 Wade, , 1977 , for information about this strain). It has been maintained in large populations (of more than 1000 breeding adults) ever since. This stock also has alleles of an autosomal black body colour locus segregating (Wade & Goodnight, 1991) . The c-pl (castaneum pearl) strain has alleles segregating at both the black body colour locus and the pearl eye locus (see Park 1937 , for a description of the pearl locus). Only one strain of T freemani was available: in this strain there is no variation at any visible markers.
In the simultaneous male experiments, virgin males and females were isolated from T. freemani and the c-SM strain of T castaneum. Two males and one virgin female were placed into a vial containing 8 g of fine sifted standard medium (by weight, 95 per cent stoneground whole wheat flour, 5 per cent dried brewers yeast, 0.03 per cent fumagillin; following the protocol of Wade & Goodnight, 1991) . There were six different treatments, representing all possible combinations of two males (CC, CF, or FF) and a single female (C or F) and six replicates of each treatment (six treatments X six replicates/treatment = 36 vials total).
Throughout this paper for the simultaneous male treatments, we will use the notation CC-F to indicate that two T castaneum males were mated to a single T freemani female and similarly for the other five treatments. Each vial was fine sifted every 4 days for a total of 28 days. At each sift, all eggs were counted and transferred to a syracuse dish. The eggs were observed for hatching larvae daily for 8 or 9 days (i.e. until hatching had ceased). Hatching larvae were censused by replicate and transferred to a 8 g of regular medium to continue development. Vials with eggs and larvae were maintained in darkened incubators at 29°C and 70 per cent relative humidity throughout the period of egg and larvae collection. After 45 days, the adult progeny maturing from each replicate's larval collection was censused. Comparison of larval and adult numbers permits us to estimate survivorship. The fertility of the adult progeny of the CC-F, FF-C, CF-C, and CF-F treatments was tested by mating individual female progeny with three males from the species of the original mother (e.g. the CC-F female progeny were crossed to T freemani males). The male progeny were individually mated to a single female from the original mother's species.
During the egg collections in the CF-C and CF-F treatments, it was not unusual to find females of both species engaged in interspecific copulations and copulations were commonly observed in both the CC-F and FF-C treatments. To quantify copulation rates, we observed the copulatory behaviour of 20 females of each species when presented simultaneously with one male of each species, i.e. 20 additional replicates of CF-C and CF-F were set up, each in a petri dish, each containing 1 g of flour. The elytra of the female were marked with silver paint to distinguish her from the males and the males of the different species were readily discriminated on the basis of body size differences, T freemani being almost three times the mass of T castaneum (Brownlee & Sokoloff, 1988; Wade & Johnson, 1993) . The total of 40 dishes was placed in a darkened incubator at 29°C and observed 28 times over 3 days; the identity of all copulating males was scored at each observation. The minimum time between observations was 20 mm and there were a total of 1120 observations (20 females per species x 2 species x 28 observations per female = 1120 observations).
Results Table 1 illustrates the fecundity (numbers of eggs laid), the hatchability (proportion of eggs hatching) and the larval survival for the simultaneous male treatments.
Note that the fecundity, hatchability and larval survivorship of a T freemani female mated with two males of her own species (treatment FF-F) is equivalent to that of a T freetnani female mated with two T castaneum males (treatment CC-F). However, the progeny resulting from the interspecific cross (CC-F) are nearly always sterile or, in rare instances (approximately 1 per cent) are weakly fertile, producing a few offspring (see also Wade & Johnson, 1993) .
When a T. freemani female is simultaneously presented with both a conspecific and a heterospecific male (treatment CF-F), the fecundity, hatchability and larval survivorship are again comparable to those of the conspecific (FF-F) or interspecific crosses (CC-F) (Table 1) . Consequently, in the CF-F treatment, we would expect hybrids to constitute approximately half of the progeny (52.0 per cent, using the product of the relative fitnesses of the FF-F and CC-F treatments). The paternity tests of the CF-F progeny (the crosses to virgin T freemani adults) permit conspecific and heterospecific progeny to be discriminated: intra- There is a similar discrepancy between the observed and the expected proportions of hybrids in the CF-C treatment. Owing to the differences in fecundity between intraspecific matings (CC-C) and interspecific matings (FF-C) and the lower hatchability of FF-C eggs, the difference between observed and expected is smaller in this case but still highly significant (P <0.010, G-test). In Figure 1 , we show time-course patterns of the numbers of eggs laid per female in the different treatments. The fecundity of T freemani females is highest early and then declines independent of male treatment ( Figure la ). In contrast, T castaneum females exhibit increasing egg production through day 12, followed by a slight tapering off after day 16 (Figure ib) . Although the overall pattern is similar within the three different treatments with the T castaneum female, with heterospecific males (FF-C) fecundity is much lower than in either the CF-C or CC-C treatments. Thus, the presence of a conspecific male appears to increase the fecundity of T castaneum females.
No large differences in copulatory rate of conspecific and heterospecific males were observed in our direct observations of mating behaviour. T. freemani females copulated nine times with the T freemani male and eight with the T. castaneum male. To account for the 15-fold difference in the proportion of hybrids observed in the CF-F treatment, approximately 1 of the 17 copulations should have been with the heterospecific (C) male (binomial probability <0.00005). While we have not ruled out low levels of premating reproductive isolation, we can rule out premating isolation as an explanation for our results. T castaneum females were observed to copulate six times with the conspecific male and three with the heterospecific male. This ratio is not significantly different from random mating but is sufficient to account for the discrepancy in the proportion of hybrids in the CF-C treatment. Additional experiments, sequentially offering T. castaneum and T freemani males to T castaneum females at 2 day intervals, where male mating speeds and female choice of mate are not at issue, support the interpretation of a postcopulatory mechanism favouring conspecific sperm. When a T castaneum female (c-pl) is paired with a T freemani male which is then replaced by a T castaneum male, all of the offspring produced after the replacement are sired by the conspecific male. In contrast, when a T castaneum female is paired with a T castaneum male which is replaced by a T freemani male, no change in paternity is observed: all of the 
Discussion
The lack of interspecific hybrid offspring in the presence of conspecific males in the CF-F and CF-C treatments, could he due to premating differences in courtship rate, duration or other aspects of precopulatory mate choice by females that favour conspecific males. Our subsequent experiments on mating behaviour and our sequential treatment experiments rule out these premating differences.
We have observed postcopulatory hut prezygotic reproductive isolation in flour beetles. We postulate that the lack of hybrids produced in the CF-F and CF-C treatments is due to gametic selection favouring the sperm of conspecific males postcopulation. By this we mean that there is a postmating hut prezygotic advantage to conspecific sperm within the spermatheca of the female. A variety of mechanisms ranging from sperm recognition (female choice) to interspecific sperm competition (male-male gametic competition) could be responsible (see Thornhill & Alcock, 1983 for intraspecific analogues).
Our observations suggest a different mechanism from that of the 'insemination reaction' reported for some species of Drosophila (Patterson, 1 946). Here, after copulation, the female's vaginal wall greatly increases in size, forming a reaction mass that inhibits fertilization (Patterson, 1946) . In heterospecific matings, this reaction effectively blocks fertilization and acts as a postcopulatory hut prezygotic isolating mechanism. This occurs whether or not a conspecific male is present. In the homospecific matings, fertilization eventually occurs despite the reaction. See Grant (1983) for tests of other evolutionary explanations of the 'insemination reaction'.
In contrast, fertilization in heterospecific pairings in Tribolium in the absence of conspecific males is normal because, in all time periods, females in the CC-F treatment produce progeny numbers comparable to those in the FF-F treatment. Our findings, however, do bear a strong resemblance to interspecific pollen competition in plants (Walsh & Charlesworth, I 992) , where the female stigmatic environment can influence fertilization rates by affecting pollen tube growth rates.
Our results are very similar to those recently reported by Howard & Gregory (1993) . In their studies of two closely related species of crickets in the genus Allonembius, females of each species were given sequential treatments of both species of males. In all of the sequential treatments, the conspecific male sired the vast majority of the offspring although females presented solely with heterospecific males will produce many progeny. Evidence from two genera of grasshoppers (Hewitt et a!., 1989; Bella eta!., 1992) also suggests that fertilization success and postmating, prezygotic reproductive isolation involves an interaction between male sperm and the female reproductive tract.
There are other possible examples of postmating, prezygotic reproductive isolation. For instance, Grimaldi ci' a!. (1992) have shown that in some interspecific crosses in the Drosophila testacea species subgroup, mating occurs hut no sperm is transferred. In no choice tests, Coyne (1993) has shown that D.simulans females limit the duration of copulation with D. rnauritiana males and affect sperm transfer. Our observations and those of Howard & Gregory (1993) are different in that the isolation is facultative: when given a choice of conspecific and heterospecific males, females produce progeny sired only by the conspecific although they are competent and produce progeny when paired only with heterospecifics. The interspecific progeny numbers and patterns of fecundity that we observed suggest that some type of female choice or male-male competition is occurring within the spermatheca of multiplymated females. If heterospecific matings occur frequently in natural populations of these species, it is possible that this kind of reproductive isolation has been directly selected to prevent the production of sterile hybrids.
